The high-resolution Fourier transform spectrum of the HDO molecule was recorded and analyzed in the region 6140-7040 cm −1 where the bands ν 1 + ν 3 , 2ν 2 + ν 3 , and 2ν 1 + ν 2 are located. The presence of strong local resonance interactions allowed us to assign some tens of transitions to the weak bands 5ν 2 and ν 1 + 3ν 2 as well. Spectroscopic parameters of the analyzed bands were estimated. They reproduce initial upper energies with the accuracy close to experimental uncertainties. C 2001 Academic Press
INTRODUCTION
In the present contribution, we continue our spectroscopic study of the deuterated species of the H 2 O molecule (1-5) in a shortwave region. In this case, the spectrum of HDO in the region 6140-7040 cm −1 was recorded with the Bruker IFS 120HR Fourier-transform interferometer (Hefei, China).
Because a detailed review of earlier contributions concerning the high-resolution spectroscopic studies of the HDO molecule has been presented in our recent paper (3), we omit it here and mention only (a) the papers by A. Campargue and his co-authors (6) (7) (8) , which were devoted to the rotational analysis of highly excited vibrational states of the HDO molecule and published in 2000, and (b) excellent ab initio predictions of the rovibrational energies carried out by Partridge and Schwenke (9) . As to the region near 1.4 µm studied in this work, it was first analyzed using a grating spectrometer with a medium resolution of about 0.2 cm −1 by Benedict et al. (10) , where transitions belonging to the ν 1 + ν 3 and 2ν 2 + ν 3 bands were recorded and upper energies were derived up to J max. = 12 and 9 for the vibrational states (101) and (021), respectively.
Next the HDO spectrum in the mentioned region was studied by Ohshima and Sasada (11) , who recorded the absorption spectrum of the same ν 1 + ν 3 and 2ν 2 + ν 3 bands using a single-mode distributed feedback semiconductor laser which provided a considerably better experimental accuracy of about 0.004 cm −1 . In that case, the upper energies were derived up to J max. = 13 and 11 for the states (101) and (021), respectively. Ohshima and Sasada derived the spectroscopic parameters which reproduced the assigned 537 HDO lines with the following accuracy: 68.3% of the lines were reproduced with accuracy 0 ≤ δ < 4 × = 15, 13, 12 , and 19, respectively, were determined, but the least squares fit analysis was absent in (12) .
In this paper, we present the results of new analysis of the highresolution Fourier transform spectrum of the HDO molecule in the region 6140-7040 cm −1 where the bands ν 1 + ν 3 , 2ν 2 + ν 3 , and 2ν 1 + ν 2 are located. Experimental details are discussed in Section 2. Section 3 is devoted to description of the Hamiltonian model used in the fit of experimental data. The results of assignment and discussion are presented in Section 4.
EXPERIMENTAL DETAILS
The sample of D 16 2 O was purchased from PeKing Chemical Industry, Ltd. (China). The stated purity of deuterium was 99.8%. The spectra were recorded at room temperature with the Bruker IFS 120HR Fourier-transform interferometer (Hefei, China), which is equipped with a path length adjustable multipass gas cell, a tungsten source, a CaF 2 beamsplitter, and Ge diode detector. The unapodized resolution was 0.01 cm −1 , and the apodization function was Blackman-Harris 3-Term.
Since in the region under study there are many lines due to the absorption of H 2 O and D 2 O, two spectra were measured with different ratios of HDO to D 2 O and H 2 O. The first spectrum was recorded at a total pressure of 1516 Pa with the percentage of HDO being approximately 44% and the path length being 87 m. The corresponding conditions of the second spectrum were 1500 Pa, 15% and 69 m, respectively. The line positions of such lines saturated in the first spectrum were picked out from the second spectrum while others were picked out from the first one. All the line positions were calibrated with those of the H 2 O from the GEISA97 database. The accuracy of the unblended lines was estimated to be 0.0007 cm −1 . For illustration, two small pieces of the recorded spectra are presented in Fig. 1 and Fig. 2. 
HAMILTONIAN MODEL
As was mentioned in the Introduction, the absorption spectrum of the HDO molecule in the region of 6140-7040 cm is caused by three bands ν 1 + ν 3 , 2ν 2 + ν 3 , and 2ν 1 + ν 2 with the band centers near 6415, 6452, and 6745 cm −1 , respectively (data from Ref. (13)). Moreover, as can be seen from the same reference (13) , two additional weak bands, 5ν 2 and ν 1 + 3ν 2 , with the band centers near 6688 and 6851 cm −1 , respectively, are located close to the three mentioned vibrational bands. For this reason, the theoretical analysis of the spectrum and the fit of experimental data were based on the following form of the effective rotational Hamiltonian:
This Hamiltonian takes into account resonance interactions between all the five vibrational states 
Operators H vv (v = v ) account for the operators of resonance interactions. Since HDO is a prolate asymmetric top molecule the symmetry of which is isomorphic to the C i symmetry group, any of its three vibrational coordinates is transformed according to the totally symmetric irreducible representation of the C i group. As a consequence, all resonance interaction blocks have the similar form and should be written as a sum of two terms,
which describe resonance interactions of the Fermi type and Coriolis type respectively:
In Eqs.
[2]- [5] the following notations are used:
ASSIGNMENT OF TRANSITIONS AND DISCUSSION
Since HDO is a prolate asymmetric top molecule and its symmetry group is isomorphic C i type symmetry, any of its vibrational-rotational bands contains absorption lines arising from transitions of two types (both A and B). In this case, comparison of the transitions of both types in these three bands, ν 1 + ν 3 , 2ν 2 + ν 3 , and 2ν 1 + ν 2 , shows that the B-type transitions in the ν 1 + ν 3 band are the strongest. As an illustration, Table 1 presents line strengths of the "pilot"
and/or 1) for all the three mentioned bands. From Table 1 one can see that Table 1 for details).
The recorded transitions were assigned using the ground state combination differences method, and the ground state rotational = 7 to the 2ν 1 + ν 2 one. Two small parts of the recorded spectrum with the assigned transitions are shown in Fig. 1 and Fig. 2 . Upper energies belonging to the (101), (021), and (210) vibrational states were obtained from the assigned transitions. They are presented in columns 2, 5, and 8 of Table 2 , respectively. The values of in columns 3, 6, and 9 indicate the experimental uncertainties of the energy levels equal to one standard deviation in units of 10 −4 cm −1 . It should be noted that the experimental transitions were assigned simultaneously with the fitting of the obtained upper energies on the basis of the Hamiltonian [1]- [5] . We believe that just this allowed us to obtain the following results:
(1) Some tens of transitions were assigned to the weak bands 5ν 2 and ν 1 + 3ν 2 . As was mentioned above, strong resonance interactions occur not only inside the "bright" states (101), (021), and (210), but also between the "bright" states and the "dark" ones, (130) and (050). As a consequence, transitions caused by such resonance interactions and belonging to the 5ν 2 and ν 1 + 3ν 2 can appear in the recorded spectrum. However, such transitions are very weak, as a rule, and the problem of their undoubted assignment in the spectrum is not trivial. In this situation, fitting of the experimental energies belonging to the (101), (021), and (210) vibrational states and strongly perturbed by the resonance interactions with the (050) and (130) states gives a good basis for correct prediction of the upper energies belonging to the (050) and (130) states. As a result, we succeeded in assignment of some tens of transitions to the 5ν 2 and ν 1 + 3ν 2 bands. Lists of transitions undoubtedly assigned to the 5ν 2 and ν 1 + 3ν 2 bands are presented in columns 3 of Table 3 and  Table 4 , respectively. Columns 4 of these tables show corresponding transmittancy of transitions in percent. Columns 5 and 6 give the values of upper energies obtained from the corresponding transitions and their mean values. Some transitions assigned to the 5ν 2 and ν 1 + 3ν 2 bands can be seen in Fig. 2 .
(2) Results of our analysis demonstrate good correlation with the earlier results by Toth (12) . However, the results of the fit show that some transitions with high values of the quantum number J belonging to the 2ν 2 + ν 3 , and 2ν 1 + ν 2 bands were misassigned in (12) . As an illustration, the upper energies E exp.
[551](021) = 7133.5702 ± 0.0010 cm
[651](021) = 7227.0721 ± 0.0035 cm −1 , E exp.
[770](210) = 7967.8802 ± 0.0011 cm −1 can be mentioned. It should be noted that these values correlate very well with those calculated with the parameters determined from the fit (7133.5703, 7227.0724, and 7967.8816 cm −1 , respectively). At the same time, the corresponding values determined in Ref. (12) It should be also noted that our upper energies presented in Table 2 differ a little from the corresponding energies of Ref. (12) . This can be explained by three reasons: (a) Different literature sources were used for calibration of experimental data.
(b) As was mentioned in Section 2, we estimate the accuracy of our experimental line positions as 0.0007 cm −1 (the comparison of our line positions with those presented in Table 2 of Ref. (12) shows, as a rule, just such differences in line positions). And most differences between our upper energies and those from (12) are close to our experimental uncertainty.
(c) Different sets of ground state rotational energies were used as a basis for the ground state combination differences method in our analysis and in Ref. (12) .
Upper energies obtained from the experimental transitions and presented in columns 2, 5, and 8 of Table 2 and in column 6  of Table 3 and Table 4 were used in the fit procedure with the Hamiltonian [1]- [5] . Results of the fit are presented in Table 5 and Table 6 together with 1σ statistical confidence intervals for the obtained parameters. The parameters of the states (101) and (210) which are presented without confidence intervals were fixed to the values of the corresponding parameters of the ground vibrational state from Ref. (15) .
Comparing the corresponding parameters in different columns of Table 5 , one can see that all values are suitable to the physics. In particular, the values of all rotational and centrifugal distortion parameters correlate both with each other and with the values of the corresponding parameters of the ground vibrational state (the latter are borrowed from Ref. (15) and presented in column 2 of Table 5 ), and vary more or less smoothly (with only two exceptions, namely, parameters JK for the states (021) and (210)) with the increase of the quantum number v 2 . As to the resonance interaction parameters, one can see in Table 6 that some types of resonance interactions appear in the fit besides the ordinary Fermi and Coriolis type interactions between the pairs of states (101)/(021), (210)/(130), and (130)/(050). They are listed in Table 7 . Columns 3 and 4 of that table show the type of terms in the effective Hamiltonian (1) which supplement the main resonance interaction parameters of the corresponding resonance operator and their order of magnitude in units of order of κ with respect to the order of the value of the rotational parameters (κ is the small Born-Oppenheimer parameter, (16) , which in our case has a value on the order of 0.1). Column 5 presents the values of the corresponding resonance interaction parameters obtained from the fit. One can see a satisfactory agreement between the values of the parameters and the theoretically estimated orders of magnitude.
The reproductive power of the parameters obtained from the fit can be mentioned as one more confirmation of their correctness. To illustrate the correctness of the parameters, columns 4, 7, and 10 of Table 2 and column 7 of Table 3 and Table 4 present the values of differences δ = E exp − E calc in units of 10 −4 cm −1 . One can see that in the overwhelming majority of cases the values of δ are close to the corresponding experimental uncertainties. The accuracy of reproduction decreases, of course, with increasing quantum numbers J and K a because the strengths of the corresponding transitions decrease.
The statistical information on reproduction of the initial experimental energies with the parameters obtained from the fit also may be interesting: 304 energies (77.2% of all obtained upper energies) are reproduced with accuracy |δ| ≤ 10 × 10 −4 cm −1 ; 57 energies (14.5%) with accuracy 10 × 10 (101), (021), (210), (130), and (050 The question can be asked: why we did not used some other Hamiltonian model (i.e., the same Watson's type Hamiltonian, but with a Padé-type (17) summing up procedure) to reduce the number of fitted parameters? The answer can be in the following: the efficiency of Padé-type approximations strongly depends on the "quality" of initial experimental data which are used in a fit. In accordance with the abovesaid, as our analysis shown, the using of Padé-type approximations in our present study will not reduce the number of fitted parameters. It can be affirmed that the relatively large number of fitted parameters in our study is the consequence of two reasons:
(a) It is, first of all, a complicated rovibrational structure caused by the presence of numerous different type accidental resonance interactions. In this case, the influence of irregular accidental resonances on the values of energy levels cannot be compensated for simply using some for Padé-type approximations or other.
(b) The second reason was our wish to achieve accuracies of theoretical reproduction of the initial experimental data which would be close to experimental uncertainties in the values of upper rovibrational energies. On the other hand, if one from such wish, the number of fitted parameters can be strongly reduced. For example, as the analysis shown, the mean reproduction of our experimental data with the accuracy of 0.002-0.003 cm −1 can be achieved by the using of 55-60 fitted parameters only.
Comparison of the results of the present analysis with the results of the analogous high-resolution studies of the region near 1.4 µm (11, 12) may be interesting as well. The corresponding statistical information is presented in Table 8 .
The paper, Ref. (18), should be mentioned here also. In that paper, parameters of the (210), (130), and (050) states and corresponding interaction coefficients are presented. Unfortunately, the total absence of any information in (18) both about assigned transitions, and upper energies obtained from assigned transitions did not allow us to make correct comparison of our results and the results of Ref. (18) . At the same time, we found that the upper energies of the (210), (130), and (050) states, being calculated with the parameters from (12)).
b n tr is the number of assigned transitions (without 2ν 3 band in Ref. (12)).
c As was mentioned in the text, transitions with the upper values of quantum number K a = 5 for the 2ν 2 + ν 3 band and K a = 7 for the 2ν 1 + ν 2 band were misassigned in Ref. (12) .
d N l is the number of obtained upper energies. e n p is the number of fitted parameters. f Here m i = n i /N l × 100% (i = 1, 2, 3), and n 1 , n 2 , and n 3 are the numbers of upper energies for which differences δ = E exp − E calc satisfy the conditions δ ≤ 10 × 10 −4 cm −1 , 10 × 10 −4 cm −1 < δ ≤ 20 × 10 −4 cm −1 , and 20 × 10 −4 cm −1 < δ, respectively.
g Since in Ref. (11) a theoretical reproduction of values of the upper energies is not mentioned, here m i = n i /n tr × 100%; here the values n 1 , n 2 , and n 3 have to do with the numbers of assigned transitions.
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Ref. (18) , reproduce our corresponding "experimentally" derived upper energies not "with mean accuracy of 0.003 cm −1 ," as was proclaimed in (18) , but with accuracy 30-100 times worse already for energy levels with the value of quantum number J = 5, 6 (in some cases, especially for rovibrational energies of the (050) state, differences can reach up to 1-2 cm −1 ).
CONCLUSION
The high-resolution Fourier transform spectrum of the HDO molecule was recorded and analyzed in the region of 6140-7040 cm −1 where the bands ν 1 + ν 3 , 2ν 2 + ν 3 , and 2ν 1 + ν 2 , are located. Two thousand seventy transitions were assigned among which some tens were assigned to the transitions of the "dark" states 5ν 2 and ν 1 + 3ν 2 . Strong local resonance interactions between all the "bright" and "dark" states were investigated and spectroscopic parameters of the analyzed bands were estimated. They reproduce initial upper energies with the accuracy close to the experimental uncertainties.
